
Scientific Memo #47 
Dated: 8 /30/ 66 

Date Received: 9/1/66 

Date Dispatched: 

PROC CON" DATA PROCESS HOSP 
(Denmark, April 1966) 

INFORMATION EXCHANGE GROUP NO. 3 

Cnmnni+rr Sirnulatian of Bioloqical Systems 

GPO PRICE s 
CFSTI PRICE(S) S 

Hard copy (HC) 30 fl 

Microfiche (MF) 1.523 
W 653 July 66 

SPECTRAL ANALYSIS TECHNIQUES m u  rATTERN RECOGNITION METHODS i FOR ELECTROENCEPHALOGRAPHIC DATA 
I 

i,, 
W.R. Adey 

ITHRUI 

2 N U  10886 
IACCESSiUN NUMBER1 - 

a. - / 
(CODE1 

i 

2 05- 
ICATEGORYI 



? 

. 

SPECTRAL ANALYSIS TECHNIQUES AND PATTERN RECOGNITION METHODS 

FOR ELECTROENCEPHALOGRAPH I c DATA 

W .  R. Adey 

Bra in  Research I n s t i t u t e  and Space Sciences Center ,  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Angeles; and Veterans 
Administ rat ion Hospi ta ls ,  Long Beach and Los Angeles 

'Presented a t  Conference on Data Processing i n  Hospi ta ls ,  
E ls inore ,  Denmark, A p r i l  1966. 

A 



I 
I .  

1 .  I n t roduc t i on 

From the  m e l t i n g  p o t  o f  r e l a t i v e l y  modest exper iences i n  data p rocess ing  

t h a t ,  i n  most aspects,  began l i t t l e  more than f i v e  years ago, the  neurophys io log i s t  

has progressed t o  s u b s t a n t i a l  use o f  la rge  computing systems, and has taken account 

of h i s  need fo r  r a p i d  p rocess ing  o f  l a rge  amounts o f  data by comprehensive 

computa t iona l  techniques t h a t  go t o  t h e  ve ry  f r i n g e s  o f  t he  mathematical  a r t s .  

Granted t h a t  t h i s  r a p i d  growth i n  a n a l y t i c  c a p a b i l i t i e s  has n o t  a r i s e n  de novo, 

and t h a t  i t  has i t s  o r i g i n s  i n  e a r l i e r  methods o f  f requency a n a l y s i s  (Grey 

Wal te r ,  1950) and simple averag ing  and c o r r e l a t i o n  a n a l y s i s  (Dawson, 1950; 

B r a z i e r  and Barlow, 1956), t h e  exponent ia l  growth i n  the  armamentarium o f  t he  

n e u r o p h y s i o l o g i s t ’ s  a n a l y t i c  c a p a b i l i t i e s  represents  a s e r i e s  o f  e s s e n t i a l l y  

new developments. They r e s t  upon a t r i n i t y  t h a t  w i l l  be a r e c u r r i n g  theme 

i n  t h i s  paper: da ta  a c q u i s i t i o n  systems u s i n g  ana log  or  d i g i t a l  magnet ic tape 

reco rd ing  techniques, w i t h  a p p r o p r i a t e  coding f o r  s t i m u l i  and epoch marking; 

t he  use o f  s t a t i s t i c a l l y  v a l i d  a n a l y t i c  techniques, t h a t  t ake  account of un- 

c e r t a i n t i e s  i nhe ren t  i n  1 im i ted  epochs o f  p h y s i o l o g i c a l  data;  and automated 

d i s p l a y  techniques t h a t  achieve requ i red  degrees o f  compression o f  the  p r imary  

records t o  p r o v i d e  an overview of l ong  and complex epochs of data ,  w h i l e  r e t a i n i n g  

f i n e  r e s o l u t i o n  of s u b t l e  s h i f t s  i n  p a t t e r n  w i t h i n  t h e  epoch (Adey, 1965a,b). 
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These except ional  requirements i n  neurophysiological  ana lys is  appear t o  

transcend by an order o f  magnitude the current needs i n  most o ther  areas o f  

phys io log ica l  research. It has become apparent t h a t  many v i t a l  br idges i n  

our understanding o f  cerebral  funct ions w i l l  only be b u i l t  on the  bas is  o f  

c a r e f u l l y  q u a n t i f i e d  ana lys is  and de tec t ion  o f  pa t te rns  tha t  inherent ly  

escape mere observational techniques. 

discontent” so engendered have been powerful s t i m u l i  t o  the  pioneer ing by the 

neurophysiologist o f  new computational techniques and d i sp lay  methods, t h a t  

now a l s o  have a p p l i c a t i o n  i n  other areas o f  phys io log ica l  research. 

The urgent need and ”burning thorn  o f  

I n  l i k e  fashion, improved ana lys is  o f  both gross EEG and c e l l u l a r  wave 

phenomena has provided the f i r s t  f i r m  basis f o r  a ser ies  o f  r e a l i s t i c  cerebral  

models, concerned w i t h  the genesis o f  the gross EEG from a populat ion of 

neuronal generators (E lu l ,  1965, 1966) and a l s o  w i t h  the organizat ion of 

l a rge r  generators i n  systems subserving the c o r t i c a l  mantle as a whole 

(Walter and Adey, 1965a ,b; Adey, 1366). 

Th is  paper w i l l  describe essent ia l  aspects o f  computing systems c u r r e n t l y  

i n  use i n  our Bra in  Research I n s t i t u t e  together w i t h  main canputational methods 

and associated d l sp lay  techniques. 

records i n  animals and man, and f o r  the l a t t e r ,  i n  r e l a t i o n  t o  basel ine charac- 

t e r i s t i c s  o f  a populat ion o f  ind iv idua ls  i n  a gamut o f  s ta tes  i n  sleep and 

wakefulness. I t w i  1 1  describe simple automated pa t te rn  recogn i t ion  techniques 

app l ied  t o  these records. F i n a l l y ,  i t  w i l l  describe computer app l i ca t ions  to  

impedance measurements and c e l l u l a r  wave phenomena, where computational 

techniques have played a v i t a l  r o l e  i n  the formulat ion o f  phys io log ica l  models, 

having aspects o f  seeming real ism i n  t h e i r  exemp l i f i ca t i on  o f  the uniqueness 

o f  organizat ion o f  cerebral t i ssue.  

It w i l l  discuss t h e i r  a p p l i c a t i o n  t o  EEG 

I 
i . ,  
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2. Computational techniques i n  neurophysiological  research 

Our a n a l y t i c  methods have involved d g i  t a l  computational techniques almost 

exc lus ive ly ,  w i t h  evo lu t ion  o f  a h ierarch ca l  organizat ion,  bo th  i n  compu.tationa1 

devices and i n  a n a l y t i c  techniques, as  reviewed i n  d e t a i l  elsewhere (Adey, 1965a,b; 

1966). Sma 1 1 spec ia 1 -pu rpose d i g  i t a  1 computers f o r  averag ing o f  evoked potent i a  1 s 

and EEG wave t r a i n s ,  and f o r  est imat ion o f  i n t e r v a l  histograms i n  u n i t  f i r i n g  

pat terns,  have been widely used i n  our laborator ies.  The i r  value i s  indubi tab le,  

bu t  the need fo r  more comprehensive analyses has l ed  t o  developmer,ts t h a t  a re  the 

theme o f  t h i s  paper. 

a. Data a c q u i s i t i o n  systems f o r  computational analys is  o f  EEG. 

The laborator ies o f  the Bra in Research I n s t i t u t e  share the f a c i l i t i e s  o f  

a cent ra l  Data Processing Laboratory, organized t o  provide services f o r  about 

40 laborator ies,  e i t h e r  through acceptance o f  data on- l ine i n  analog o r  d i g i t a l  

format, o r  as analog records on mult i-channel magnetic tape, usua l ly  i n  7 channel, 

h a l f  inch, o r  14 channel, one inch I R l G  formats. These systems have been reviewed 

e 1 sewhe re  (Adey , 1964). 

The cornerstone o f  t h i s  cent ra l  processing laboratory  i s  an SDS 930 computer 

(Fig. l), w i t h  16,000 words o f  core memory, 16 p r i o r i t y  i n t e r r u p t s ,  three t ime- 

mul t ip lexed communication channels (TMCC, I I C I I ,  ' W "  and ' V I 8 ) ,  and one channel w i t h  

d i r e c t  access t o  the computer memory (DACC, IIE"). 

by dot ted l i n e s  are  system add i t ions  planned f o r  operat ion w i t h i n  the year. 

remote console system w i t h  64 keys has been developed as an input  device t o  the 

computer w i t h  a storage osc i l loscope f o r  d isp lay  (Fig. 2). 

I n  Fig.  1, those blocks enclosed 

A 
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Th is  remote console system, o r  Shared Laboratory I n t e r p r e t i v e  Processor 

System (SLIP) ,  has been designed by L. Rovner, L. Betyar and R. T. Kado, t o  

func t i on  on a time-shared basis invo lv ing  f i v e  simultaneous users. A separate 

computer in te r face  has been i n s t a l l e d  on each f l o o r  of the I n s t i t u t e  b u i l d i n g  

t o  provide a n a l o g - t o d i g i t a l  conversion, re lay  d r i v e r s  and sense 1 lnes t o  the 

use r ' s  laboratory. The system enables the experimenter t o  convert analog data 

i n  rea l  time and operate upon i t  w i t h  several standard a n a l y t i c  programs, o r  

programs which he h imse l f  generates by use o f  the console. 

un ' i t  incorporates 24 b i t s  o f  p a r a l l e l  input ( P I N )  and output (POT! from the 

computer memory, character b u f f e r  and address m a t r i x  f o r  the console system, 

d i g i ta  1 - t o  -ana 1 og converter , and ana 1 og - t o d  i g i t a  1 converter . 

A system in te r face  

Two o f  the t imemu l t i p lexed  channels (W and Y) serve as the input/output 

communication path f o r  the standard computer per iphera l  equipment. The re- 

maining channel (C) serves the ana log - to -d ig i t a l  converter, accepting d i g i t i z e d  

inf:,rmation and s to r i ng  i t  i n  memory under/ Tne d i r e c t  access channel E services 

the d ig i t a l - t o -ana log  converter, and provides a terminal  f o r  an i n te r face  w i t h  

the main data processor ( cu r ren t l y  an I B M  7094) i n  the adjacent Heal th Sciences 

Computer F a c i l i t y  (Fig. 3 ) .  

computer con t ro l .  

The d i g i t a l  - to-analog converter accepts the 24 b i t  output from the computer 

analog output s igna ls  t o  the SLIP console, and 

conve r s  i on sys tem 

up t o  30,000 con- 

E channel and provides X, Y and ~ 

o ther  osc i  1 loscope d i sp lay  funct 

provides 16 analog inputs t o  the 

ve r s  ions per second. 

ons. The analog-to-digi  ta  

computer a t  sampling ra tes  
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I -  

The r e l a y  d r i v e r s  enable t ransmiss 

t o  any remote l abo ra to ry ,  under program 

on o f  sw 

c o n t r o l  . 
tchab le  c o n t r o l  f u n c t i o n s  

I n  a d d i t i o n  t o  se rv ing  the  

r e l a y  d r i v e r s ,  the  24 POT l i n e s  a r e  used by the  address m a t r i x  o f  the SLIP 

console t o  e s t a b l i s h  communication between remote l o c a t i o n s  and the  computer. 

The b a s i c  t ime-shar ing  system invo lves  two computer program func t i ons ,  a 

commutator and the  i n t e r r u p t  processors.  A c t i v a t i o n  o f  t he  system causes 

commutator t o  scan a number o f  memory c e l l s ,  equal  t o  the number o f  conso 

sha r ing  the  computer. On f i n d i n g  a c e l l  bear ing  a zero,  machine c o n t r o l  

t r a n s f e r r e d  t o  the assoc ia ted  program u n t i l  se rv i ce  i s  completed. Wi th  

console-generated i n t e r r u p t s ,  the  i n t e r r u p t  processor  causes the i npu t  

cha rac te r  t o  be s to red  i n  memory, and rese ts  the  console.  By adequate 

b u f f e r i n g ,  a d d i t i o n a l  i n t e r r u p t s ,  a r r i v i n g  be fo re  s torage o f  the f i r s t  

cha rac te r  i s  completed, a r e  u l t i m a t e l y  s t o r e d  i n  memory. 

U n l i k e  a t y p e w r i t e r  keyboard, where the  keys a r e  o f  a f i x e d  contex t ,  

the  

es 

S 

those o f  the console have e n t i r e l y  v a r i a b l e  upper and lower case meanings. 

Each se t  o f  64 upper and lower case key d e f i n i t i o n s  i s  r e f e r r e d  t o  as a 

"context  l e v e l  , I 1  and there  a r e  64 such l e v e l s .  Genera l l y ,  the upper case 

meanings a r e  i n t e r p r e t e d  as an a c t i o n  (opera tor ) ,  w i t h  the  lower case forming 

the o b j e c t  o f  t h a t  a c t i o n  (operand). A comprehensive s e t  o f  mathematical  and 

c o n t r o l  f unc t i ons  a r e  prov ided as a bas i c  s e t  o f  "operators,"  from which more 

s p e c i f i c  ones may be synthes ized by the user .  

Development o f  t h i s  console has g r e a t l y  f a c i l i t a t e d  u t i l i z a t i o n  o f  the 

SDS 930 computer by opera tors  i n  the computer room, and by the  i n v e s t i g a t o r  

i n  h i s  l abo ra to ry .  I n  summary, t h e  combined system has proved a thorough ly  

f e a s i b l e  method f o r  p r e p a r a t i o n  of  data f o r  subsequent more ex tens i ve  a n a l y s i s  

on the l a r g e r  I B M  7094 computer, and p rov ides  a p p r o p r i a t e  d i s p l a y s  o f  computed 

ou tpu ts  from t h a t  computer. 
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b. Time ser ies analyses o f  EEG data; c o r r e l a t i o n  funct ions,  d i g i t a l  f i l t e r i n s  

appa r e n t  1 y 

s i m i  l a  r l y  

Rosenbl i th 

mu1 t i p 1  ied 

and spectral  analys is .  

Extraction o f  p e r i o d i c  s ignals  i n  noise has been 

fo r  the c m u n i c a t i o n s  engineer (Lee, 1950). Baf f led  

random character o f  the EEG, the neurophys 

a l a s t i n g  requirement 

by the complexity and 

o l o g i s t  appl ied i t  

n h i s  search f o r  concealed rhythms (Braz ier  and Barlow, 1956; 

e t  a l . ,  1959). Essent ia l  l y  the product of the epoch o f  record 

by i t s e l f  and progressively s h i f t e d  i n  time, an au tocor re la t ion  

func t ion  contains a1 1 the frequencies present i n  the o r i g i n a l  funct ion.  

This  funct ion and the Four ie r  power spectrum are transforms o f  each other  

(Wiener, 1958). 
. 

Cross-correlat ion o f  p a i r s  o f  simultaneous EEG records 

d u r i n g  t r a i n i n g  provided the f i r s t  oppor tun i t ies t o  examine aspects o f  

p a t t e r n  between d i f f e r e n t  b r a i n  regions (Adey, Walter and Hendrix, 1961). 

Yet there are ser ious p r a c t i c a l  and t h e o r e t i c a l  d i f f i c u l t i e s  i n  extended 

use o f  c o r r e l a t i o n  funct ions i n  EEG analys is  (Adey, 1965a), r e l a t i n g  t o  

e r r o r s  a r i s i n g  i n  use o f  truncated ser ies (Bendat, 1958) which do no t  f u l f i l l  

the mathematical cons t ra in ts  o f  an i n f i n i t e l y  long ser ies.  Although some phase 

informat ion can be ext racted,  f o r  p r a c t i c a l  purposes t h i s  i s  l i m i t e d  t o  phase 

re la t ions  a t  the dominant frequency o f  the cross-correlogram. A much broader 

window on the i n t e r r e l a t i o n s  between d i f f e r e n t  b r a i n  regions i n  the degree o f  

shar ing o f  a broad spectrum of frequencies can be obtained by cross-spectral 

ana lys is  (Walter, 1963). Blackman and Tukey (1959) have emphasized t h a t  

estimates o f  funct ions o f  lag,  such as autocorre la t ions o r  autocovariances 

’‘have f luc tua t ions  t h a t  are so f a r  from independence as t o  f requent ly  foo l  

almost anyone who examines tab les o r  graphs o f  t h e i r  values”, and they advise 

the use o f  the autocorrelogram merely as an intermediate step i n  spectral  analys is .  
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The key t o  successful a p p l i c a t i o n  o f  the d i g i t a l  computer i n  spect ra l  

ana lys is  l i e s  i n  i t s  a b i l - i t y  t o  funct ion as a narrow band f i l t e r ,  w i th  p rec i se l y  

spec i f i ed  charac ter is t i cs ,  which can a lso be modi f ied a t  w i l l  w i th  respect t o  

f l a t - t o p ,  shoulder and s k i r t  (Goodman, 1960). Problems o f  designing physical 

f i l t e r s  w i t h  appropr ia te ly  narrow s k i r t  cha rac te r i s t i cs  have led t o  the devel -  

opment o f  these d i g i t a l  f i l t e r s ,  in  wnich the d i g i t a l  f i l t e r  provides weight ing 

funct ions by which the time func t ion  is m u l t i p l i e d .  The sum o f  these products 

i s  taken as the output o f  the d i g i t a l  f i l t e r .  The weight ing func t ion  can be 

considered as having a narrow bandpass cha rac te r i s t i c ,  as i n  an analog f i l t e r ,  

o r  the a p p l i c a t i o n  of a se t  o f  d i g i t a l  f i l t e r s  t o  a func t ion  o f  time can be 

viewed as a d iscrete.  vers ion o f  a Four ier  trGnsform. 

Tukey (1965), i n  a recent elegant review o f  the power o f  spect ra l  ana lys is  

i n  so lv ing  geophysical problems, inc lud ing the de tec t ion  o f  long period ocean 

waves coming 20,000 ki lometers from the Ind ian Ocean t o  the coast o f  Ca l i f o rn ia ,  

has po inted out t ha t  just so long as the Informat ion needed about sane phenomenon 

i s  expressed, a t  any one time and place, i n  a d i s t r i b u t i o n  o f  a c t i v i t y  o r  energy 

or  power over frequency, '%e have a hope of going from the thereand- then t o  the 

here-and-now". I n  the frame o f  reference o f  the electroencephalographer, we can 

expect t o  learn  thereby the re la t i ons  between simultaneous b r a i n  wave a c t i v i t y  

i n  d i f f e r e n t  b r a i n  regions, w i t h  precise preservat ion o f  in format ion about shared 

frequencies and phase re la t ions ,  not merely a t  the dominant frequencies i n  a 

spectrum o f  a c t i v i t i e s ,  as i n  the cross-correlogram, but  w i t h  equal c l a r i t y  and 

prec is ion  a t  each and every frequency i n  the cross-spectrum. 
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I t  i s  i n  our  capac i t y  t o  p r e c i s e l y  s p e c i f y  the  bandpass c h a r a c t e r i s t i c s  

o f  the  d i g i t a l  f i l t e r ,  p a r t i c u l a r l y  i n  the low frequency range between 0.5 

and 10 cyc les pe r  second, t h a t  has e s t a b l i s h e d  i t s  s u p e r i o r i t y  over  analog 

methods. Since i t s  phase s h i f t  i s  zero,  i t  has becme p o s s i b l e  t o  measure f o r  

the f i r s t  t ime the  phase r e l a t i o n s  between EEG wave t r a i n s  a t  each frequency 

across the spectrum, as w e l l  as shared ampl i tudes between them a t  each frequency. 

From p ioneer ing  s tud ies  by our  co l league D.O. Wa l te r  (Adey and Wal te r ,  1963; 

Wa l te r  and Adey, 1963; Wal te r ,  1963), we have come t o  t h e  r o u t i n e  c a l c u l a t i o n  

o f  the coherence func t i on ,  as a measure o f  s t a t i s t i c a l  v a r i a b i l i t y  i n  l i n e a r  

i n t e r r e l a t i o n s h i p s  between b r a i n  reg ions.  

I n  our hands, the  va lue  o f  coherence c a l c u l a t i o n s  as a bas i s  f o r  sharp 

d e l i n e a t i o n  o f  s h i f t i n g  EEG p a t t e r n s  i n  s p e c i f i e d  s t a t e s  o f  s leep and wake- 

fu lness  has been paramount. The magnitude o f  the coherence f u n c t i o n  may be 

expressed : 

where MAGS(f)  i s  the mean c ross-spec t ra l  magnitude a t  f requency f, and A S X ( f )  

i s  the autospectrum o f  X and A S Y ( f )  i s  the autospectrum o f  Y, a t  t he  respec t i ve  

f requencies.  The coherence f u n c t i o n  i s  expressed between 0 and 1, and i s  a 

measure o f  the l i n e a r  p r e d i c t a b i l i t y  o f  a c t i v i t y  i n  any area, on t h e  bas i s  o f  

knowing the  a c t i v i t y  i n  any o t h e r  area,  o r  s e r i e s  o f  areas.  

Continuous 

most u s e f u l  t oo  

w h i l e  r e t a i n i n g  

3 .  Examples o f  s p e c t r a l  analyses o f  EEG data;  

use o f  con tour  p l o t s  and th ree  d imensional  d i sp lays .  

contour  p l o t s  o f  s p e c t r a l  d e n s i t y  and coherence have proved 

s i n  compression o f  long epochs o f  data i n t o  a s i n g l e  p l o t ,  

a l l  e s s e n t i a l  in fo rmat ion  r e l a t i n g  t o  t r a n s i t i o n s  occur ing,  

. 
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f o r  example, dur ing  v i s u a l  d isc r im ina t ions  and a u d i t o r y  v i g i l a n c e  tasks. 

I n  Fig. 4 are  p l o t t e d  autospectra from simultaneous scalp leads dur ing  these 

performances, which covered a t e s t  per iod o f  approximately one hour. D i f fe rences  

i n  dens i t i es  a t  1 t o  2 cycles pe r  second i n  l e f t  and r i g h t  cen t ropar ie ta l .  and 

l e f t  p a r i e t o o c c i p i t a l  leads were associated w i t h  s u b s t a n t i a l l y  g rea ter  d i f f i c u l t y  

o f  the task  i n  the second performance. An even g e a t e r  d i f f e rence  w i l l  be noted 

i n  a l l  leads between records dur ing  v isual  d i sc r im ina t i on  and du r ing  an aud i to ry  

v i g i l a n c e  task w i t h  eyes closed. 

automated pa t te rn  recogn i t ion  described below. 

These parameters form p a r t  o f  a scheme o f  

S im i la r  p 

tasks (Fig. 5) 

p a i r s  o f  leads 

Evidence from 

ots  o f  coherence from scalp leads dur ing  aud i to ry  v i g i l a n c e  

provide a continuous measure o f  1 inear i n t e r r e l a t i o n s h i p  between 

a t  a l l  frequencies from 0.5 t o  15 cycles per second (Adey, 1965a). 

uch p l o t s  suggests both l ong i tud ina l  and transverse generators, 

since a h igh  coherence i n  the alpha band character izes i n t e r r e l a t i o n s  between 

a i l  p a i r s  o f  l ong i tud ina l  leads, b u t  very l i t t l e  coherence was found between 

the b i o c c i p i t a l  lead i n  any p a r t  o f  the spectrum, despi te a powerful b u t  

unchanging alpha a c t i v i t y  throughout the t e s t .  

f unc t i on  ana lys is  on the basis o f  l i nea r  t r a n s f e r  func t ions  has been discussed 

i n  d e t a i l  elsewhere (Walter and Adey, 1965a, b). 

This question o f  generator 

D i f f e r e n t  types o f  d isp lays  o f  autospectral dens i t i es  and associated 

coherence func t ions  were used i n  studies i n  the monkey o f  the e f f e c t s  o f  

whole body v i b r a t i o n  on the EEG in surface and deep b r a i n  s t ruc tu res  (Adey, 

Kado and Walter, 1965). 

Results presented elsewhere have ind ica ted  the presence o f  a "dr iv ing" 

i n  EEG records from c o r t i c a l  and subcor t i ca l  s t ruc tu res  dur ing  whole body 

v i b r a t i o n ,  a t  c e r t a i n  frequencies- i n  the t e s t  spectrum o f  5 t o  40 cycles per  

second, and 26 peak-to-peak i n  the range from 13 t o  40 cycles per second 
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(Adey, Kado, Win ters  and DeLucchi, 1963). 

More recent s tud ies w i t h  extensive computer analyses (Adey, Kado and 

Walter, 1965) have shown l i t t l e  or no evidence o f  EEG d r i v i n g  below 9 cycles 

per second despi te  powerful head movements. D r i v i n g  a t  the  shaking r a t e  was 

frequency se lec t ive  and maximal i n  the range 10 t o  15 cycles per second. 

However, i n  many instances, maximum EEG energy peaks occurred a t  o ther  than 

shaking frequencies, and wi thout  harmonic r e l a t i o n s h i p  t o  shaking frequencies 

(Fig. 6). Calcu lat ions o f  coherence, or l i n e a r  p r e d i c t a b i l i t y ,  were h igh  

between c o r t i c a l  and subcor t ica l  leads a t  EEG frequencies unre lated t o  con- 

current  shaking frequencies, and absent from basel ine records before or  a f t e r  

shaking (Fig. 7). Coherence between head and t a b l e  accelerometers and c o r t i c a l  

and subcor t ica l  leads were below s i g n i f i c a n t  l e v e l s  a t  fundamental d r i v i n g  

frequencies below 1 1  cycles per second, although s i g n i f i c a n t  coherence peaks 

appeared a t  o ther  EEG frequencies. Shaking i n  the range 11  t o  17 cycles per 

second produced many coherent re la t ionships a t  fundamental d r i v i n g  frequencies, 

and a t  harmonica1 l y  r e l s t e d  and unrelated EEG frequencies. These computed 

analyses have provided evidence not  ava i lab le  by o ther  means t h a t  the e f f e c t s  

o f  v i b r a t i o n  on concurrent EEG a c t i v i t y ,  inc lud ing the frequency se lec t ive  

d r i v i n g ,  do not  a r i s e  i n  simple electromechanical a r t i f a c t s ,  but  may have t h e i r  

o r i g i n s  i n  phys io log ica l  mechanisms. Much s ign i f i cance a l s o  at taches t o  the 

use o f  d isp lay techniques t h a t  a l l o w  ready i n t e r p r e t a t i o n  o f  mult i -d imensional  

data. 

4. Appl icat ions o f  spect ra l  methods i n  EEG basel ine analys is ;  

the normative 1 i brary  

I t  has long been a mat ter  of concern t h a t  d e f i n i t i o n  o f  EEG pat terns has 

rested, not on ly  on the subject ive opin ion o f  the inves t iga tor ,  bu t  a l s o  on wide 
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i n d i v i d u a l  v a r i a t i o n s  i n  apparent ly noma1 subjects. We have, therefore,  

sought t o  e s t a b l i s h  by cqmputer ana lys is  the presence o f  c m o n  EEG f ac to rs  

i n  a s i g n i f i c a n t  populat ion o f  astronaut candidates, both i n  r e l a t i o n  t o  task  

performances and in assessment o f  sleep states.  

I n  d e t a i l e d  studies t o  be reported elsewhere (Walter, Rhodes, Kado and 

Adey, 1966), a ser ies  o f  200 astronaut candidates were tes ted  i n  a ser ies  o f  

perceptual and learn ing  tasks, by means o f  a p rog raming  device, developed i n  

our labora tory  by Raymond T. Kado, and using a magnetic tape c m a n d  system 

t o  ensure accurate t im ing  i n  task  presentat ion from one subject  t c  the  next. 

Subject t e s t i n g  and EEG recording were performed by D r .  P. Kellaway and D r .  

R. Maulsby, a t  the  Methodist Hosp i ta l ,  Houston. 

recorded on magnetic tape, together w i th  comnand signals,  for  subsequent computer 

analysis.  

I8 EEG channels from a l l  scalp areas, b u t  a l s o  the electrooculogram (EOG), 

electrocardiogram (EKG) , galvanic sk in  responses (GSR) and resp i ra t ion .  

Phys io log ica l  data was 

Th is  data cons t i t u tes  a normative l i b r a r y ,  and includes n o t  on l y  

A se r ies  o f  50 subjects e r e  selected a t  random from the t o t a l  o f  200, 

and in tens ive  spec t ra l  analyses perfonned. 

25 hours of  main computation time, wherein m u l t i p l i c a t i o n s  were per fomed a t  

approximately 5OO,OOO per second. 

have been j u s t i f i e d ,  i n  t h a t  i t  has al lowed se lec t i on  o f  var iab les  f o r  a 

poss ib le  on- l ine  system t h a t  would be f a r  less demanding i n  computer requirements. 

Each hour of subject  data required 

The scope o f  such an ana lys is  appears t o  

To synthesize the data, an averaging procedure was adopted on the spec t ra l  

outputs, covering a l l  50 subjects i n  the var ious t e s t  s i t ua t i ons ,  and i n  selected 

sleep epochs. 

as a ser ies  o f  bar  graphs (Fig, 8), covering the spectrum from 0 t o  25 cycles 

per  second. 

These averages were made f o r  each scalp region, and are  presented 

F i r s t ,  an average was prepared o f  spec t ra l  dens i t i es  a t  each sca lp  
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reco rd ing  s i t e  f o r  a l l  t e s t  epochs (Fig.  8, t o p  l e f t ) ,  i n c l u d i n g  s i t t i n g  w i t h  

eyes closed a t  r e s t ,  eyes closed d u r i n g  1 p e r  second f l a s h  s t i m u l i ,  d u r i n g  an 

a u d i t o r y  v i g i l a n c e  task ,  d u r i n g  v i s u a l  d i s c r i m i n a t i o n s  a t  3 second i n t e r v a l s ,  

and a s i m i l a r  s e r i e s  o f  more d i f f i c u l t  d i sc r im ina t i . ons  a t  1 second i n t e r v a l s .  

The contours o f  these lllumped" spec t ra  were then used as  t h e  mean for  

comparison w i th  t h e  spec t ra  f o r  the  i n d i v i d u a l  s i t u a t i o n s .  The subsequent 

graphs i n  Fig.  8 thus show the  v a r i a t i o n s  about t h e  mean e s t a b l i s h e d  by the  

average over 12 s i t u a t i o n s  i n  the  t o p  l e f t  f i g u r e .  Spec t ra l  d e n s i t i e s  above 

the  mean a t  any f requency have bars above the  base l i ne ,  and v i c e  versa. 

o f  these bars a r e  i n  u n i t s  o f  the standard d e v i a t i o n  a t  t h a t  frequency, so t h a t  

r e l a t i v e  v a r i a t i o n  i s  emphasized by t h i s  p resen ta t i on .  I t  w i l l  be seen t h a t  

such a d i s p l a y  c l e a r l y  separates s p e c t r a l  d e n s i t y  d i s t r i b u t i o n s  f o r  the  50 

sub jec ts  i n  the  f i v e  s i t u a t i o n s  shown. I n  p a r t i c u l a r ,  t he  d i s t r i b u t i o n s  f o r  

more d i f f i c u l t  v i s u a l  d i s c r i m i n a t i o n s  (F ig .  8, lower r i g h t )  exemp l i f y  t rends  

t h a t  a l ready  c h a r a c t e r i z e  d i s c r i m i n a t i o n s  made i n  t h r e e  seconds (F ig .  8, lower 

Lengths 

, 

m idd le ) .  P a t t e r n  r e c o g n i t i o n  techniques descr ibed below c l a r i f y  d i f f e r e n c e s  

between records i n  these two tasks .  I t  i s  a l s o  p o s s i b l e  t o  compare an i n d i v i d u a l  

w i t h  the  mean for the  group, o r  w i t h  h i s  own mean, u s i n g  a two-co lo r  d i s p l a y  

techn ique. 

S i m i l a r  averages were made f o r  30 sub jec ts  i n  v a r i o u s  stages of s leep and 

drowsiness (Figs.  9 and 10). Here, the  mean was e s t a b l i s h e d  by  an average ove r  

7 stages o f  presleep, s leep  and pos ts leep,  and thus  became t h e  base l i ne  f o r  

measurement o f  var iance f o r  i n d i v i d u a l  s leep s ta tes .  I t  w i l l  be noted t h a t  

s t a t e s  o f  drowsiness, and l i g h t ,  medium and deep s leep can be r e a d i l y  d i s t i n -  

guished from each o t h e r ,  b u t  t h a t  separa t i on  o f  deep ' lslow wave" s leep from 

subarousal w i t h  llK-complexes" i s  l e s s  c l e a r .  
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5. App l i ca t i on  of simple pa t te rn  recogn i t ion  techniques 

t o  spec t ra l  parameters f o r  d e f i n i t i o n  o f  s ta tes  o f  a t t e n t i o n  

D iscr im inant  ana lys is  was app l i ed  t o  these spec t ra l  outputs i n  four  subjects 

(Walter, Rhodes and Adey, 1965) covering f i v e  s i t ua t i ons :  

eyes open a t  res t ,  an aud i to ry  v i g i l a n c e  task, and the two v i sua l  d i sc r im ina t i ve  

tasks described above. 

the  s i t u a t i o n  f rom which it t a m e ,  using measurements derived from four EEG 

channels: l e f t  and r i g h t  pa r ie to -occ ip i t a l  (P3-01 and P4-02), ver tex  ( F 2 2 2 ) ,  

eyes closed a t  res t ,  

A computer program attempted t o  assign each segment t o  

and b i o c c i p i t a l  (01-02). Each channel's a c t i v i t y  was analyzed i n t o  4 frequency 

bands, corresponding t o  the c l a s s i c a l  de l ta  (1 .5  t o  3.5 cycles per second), the ta  

(3.5 t o  7.5 cycles per  second), alpha (7.5 t o  12.5 cycles per  second) and beta 

(12.5 to  25 cycles per second) bands. I n  each band, measurements were made o f  

the s t rength  o f  a c t i v i t y  i n  each channel, mean frequency w i t h i n  the band (the 

dominant frequency when present), bandwidth w i t h i n  the band (an expression o f  the 

r e g u l a r i t y  of the dominant frequency), and the coherence between p a i r s  o f  channels. 

Th is  d isc r im inant  ana lys is  program i n i t i a l l y  considers a l l  the measurements 

f o r  a l l  the segments, and se lec ts  t h a t  parameter which best discr iminates segments 

recorded i n  d i f f e r e n t  s i t ua t i ons .  It then reexamines a1 1 measurements and chooses 

the parameter which w i l l  add most t o  the d i sc r im ina t i ng  power o f  the f i r s t  measure- 

ment. It ca lcu la tes  f i v e  l i n e a r  functions o f  those two measurements whose values 

d i f f e r  as much as possible among the  s i tua t ions .  

i t e r a t i o n  o f  se lec t i ng  and ca l cu la t i ng  l i n e a r  funct ions,  u n t i l  i n s u f f i c i e n t  

improvement i s  made by add ing another parameter. 

The program continues t h i s  

The four var iab les  which best d i s t i ngu ish  among the f i v e  s i t u a t i o n s  are: 

l e f t  p a r i e t o - o c c i p i t a l  alpha in tens i t y ,  the mean frequency o f  theta-band a c t i v i t y  

i n  the  ver tex ,  the coherence i n  the  theta band between l e f t  p a r i e t o - o c c i p i t a l  
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and ve r tex ,  and coherence i n  the  beta band between v e r t e x  and b i o c c i p i t a l  

leads. A d e t a i l e d  account o f  the respec t ive  c o n t r i b u t i o n s  o f  each o f  these 

v a r i a b l e s  t o  the i d e n t i f i c a t i o n  o f  each o f  these s i t u a t i o n s  i s  g i ven  elsewhere 

(Wa 1 t e r ,  Rhodes and Adey, 1966). 

The separate a n a l y s i s  o f  each s u b j e c t ' s  records i n  the  same way y i e l d e d  a 

h i g h e r  p r o p o r t i o n  o f  c o r r e c t  c l a s s i f i c a t i o n s  than the  group a n a l y s i s .  

h i s  own bes t  f o u r  measurements, between 62 and 69 per  cent  o f  a s i n g l e  s u b j e c t ' s  

samples were c o r r e c t l y  c l a s s i f i e d ,  as cont ras ted  w i t h  51 per  cent  f o r  the  sub jec ts  

s imul taneously  (F ig .  11 ) .  

ments were se lected.  I n d i v i d u a l l y ,  95, 93, 96 and 90 per  cent  were c o r r e c t ,  

w h i l e  f o r  the sub jec ts  together ,  o n l y  65 per  cent  were c o r r e c t l y  c l a s s i f i e d .  

I t  would thus appear t h a t  each sub jec t  may have a s p a t i a l l y  and numer i ca l l y  

cha rac te r i zed  i n d i v i d u a l  EEG "s ignature,"  as t o  which measurements a r e  most 

e f f e c t i v e  i n  d i s t  ingu i s h i n g  d i f f e r e n t  s i t u a t i o n s .  

Wi th  

An even g rea te r  d i s p a r i t y  appeared a f t e r  15 measure- 

6. Studies o f  the  e s s e n t i a l  na ture  o f  the  electroencephalogram: 

i t s  c e l l u l a r  o r i q i n s ,  and p o s s i b l e  r o l e  i n  i n f o r m a t i o n  

t ransac t i on ,  s torage and r e c a l l .  

I t  would indeed be d i s a p p o i n t i n g  i f  a p p l i c a t i o n  o f  these computat ional  

techniques were conf ined t o  s tud ies  i n  g rosser  aspects  o f  ce reb ra l  system 

o rgan iza t i on ,  u s e f u l  though t h i s  migh t  be. We have, t he re fo re ,  sought evidence 

f o r  slow, wave- l ike processes a t  the  l e v e l  o f  s i n g l e  c e l l s ,  o c c u r r i n g  independ- 

e n t l y  o f  ac tua l  neuronal  d ischarge,  and c o n t r i b u t i n g  t o  the  process recorded 

as the  electroencephalogram from l a r g e r  domains o f  t i ssue .  
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l n t r a c e l  l u l a r  record-ing i n  unanesthetized c o r t i c a l  neurons i n  our 

labora tory  (Elul,  1965; Adey and E l u l ,  1965) has revealed a la rge  wave process, 

f r a n  5 to  IS m i l l i v o l t s  in ampli tude, which appears t o  a r i s e  i n  the d e n d r i t i c  

branches o f  the c e l l ,  ra ther  than i n  the soma (Fig. 12). Spectral ana lys is  

of t h i s  wave process has ind ica ted  t h a t  i t s  dens i t y  d i s t r i b u t i o n  c lose ly  fo l lows 

t h a t  o f  the EEG recorded gross ly  i n  the same domain o f  t issue. Despite t h i s  

s i m i l a r i t y  of dens i t y  contours, ca lcu la t ions  o f  coherence between the i n t r a -  

c e l l u l a r  and gross EEG records have shown t h a t  there i s  v i r t u a l l y  no l i n e a r  

r e l a t i o n s h i p  between the  two processes (Fig. 13), so tha t  the populat ion o f  

neuronal generators appear t o  be independent and non l inear ly  re la ted  (E lu l ,  1965). 

The wave process recorded e x t r a c e l l u l a r l y  a r i ses  from generators no l a rge r  than 

c e l l u l a r  dimensions (Elul,  1962), and has an amp1 i tude less than one*hundredth 

o f  the i n t r a c e l l u l a r  wave process. E lu l  has suggested t h a t  the occurrence o f  

a rhythmic EE6 as the in teg ra l  o f  a c t i v i t y  i n  such a populat ion o f  independent 

and ngnl i n e a r l y  re la ted  generators may be mathematical ly modeled i n  terms o f  

the cen t ra l  l i m i t  theorem o f  Cramer (1955). 

The pa t te rns  o f  EEG waves described above, and the indub i tab le  evidence 

o f  comparable processes a t  the c e l l u l a r  l eve l  have suggested t h a t  they a r e  

. concerned in the t ransac t ion  o f  information. The evidence f u r t h e r  suggests 

tha t ,  a t  the  l e v e l  o f  the i nd i v idua l  neuron, the c e l l  may func t ion  as a phase 

comparator f o r  pa t te rns  o f  waves sweeping i t s  d e n d r i t i c  surface i n  space and 

time. Moreover, the wave process may under1 i e  the l a s t i n g  physico-chemical 

changes associated w i t h  storage o f  information i n  cerebral t i ssue.  I n  such a 

scheme, r e c a l l  o f  informat ion w w l d  depend on the reestablishment i n  t h a t  

domain o f  t i ssue  o f  wave pa t te rns  t h a t  resembled, bu t  were no t  necessar i l y  

i den t i ca l  w i t h ,  those associated w i t h  the i n i t i a l  experience (Adey and Walter, 1963). 
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The threshold f o r  f i r i n g  o f  the i nd i v idua l  neuron would be c r i t i c a l l y  dependent 

on computed eva lua t ion  o f  s tochas t ic  modes o f  operat ion i n  s i zab le  populat ions 

o f  neurons, as we l l  as a t  the l eve l  o f  the s ing le  c e l l .  We a re  thus already 

f a r  removed f rom simple concepts o f  pulse-coded nerve nets, o r  connec t i v i t y  

diagrams o f  i n t r i n s i c  cerebral organizat ion.  A s p e c i f i c  model o f  these processes 

i s  discussed elsewhere i n  terms o f  s ing le ,  o r  l i m i t e d  numbers o f  generation 

processes, spat ia 11 y organized and character i s t  i ca 1 1 y shared between d i f f e r e n t  

domains o f  c o r t i c a l  t i ssue (Walter and Adey, 1963; 1965b). 

Yet even here, l e t  us beware o f  any comfortable no t i on  t h a t  storage o f  

informat ion i n  cerebral t i ssue,  i t s  unique and most c h a r a c t e r i s t i c  funct ion,  

occurs exc lus i ve l y  w i t h i n  i t s  neuronal compartment. Our measurement o f  

e l e c t r i c a l  impedance i n  small volumes o f  cerebral t i ssue  i n  the course o f  

a l e r t i n g ,  o r i e n t i n g  and d i sc r im ina t i ve  s t i m u l i ,  has revealed, w i t h  the a i d  o f  

computat ional techniques, regional d i f fe rences  i n  "evoked" impedance responses 

accompanying learned responses, and t h e i r  dependence on l eve ls  o f  learn ing  i n  , 

t r a i n i n g  and e x t i n c t i o n  t r i a l s .  

impedance measuring current,  presumably through e x t r a c e l l u l a r  f l u i d  character-  

ized by a substant ia l  content o f  macromolecules and s u s c e p t i b i l i t y  t o  d i v a l e n t  

cat ions,  such as calcium, o r  through neurog l ia l  elements surrounding nerve c e l l s ,  

has ser iously imp1 icated these two perineuronal compartments i n  the t ransac t ion  

and storage o f  informat ion i n  b r a i n  t i ssue  (Adey, Kado, D i d i o  and Schindler, 

1963; Adey, Kado, Mcl lwain and Walter, 1966). 

The extraneuronal course o f  the b u l k  o f  the  

What, then, o f  the fu tu re  o f  computational app l i ca t i ons  i n  neurophysiological 

research? Our studies have emphasized the cont inuing r o l e  and s t i l l  evo lv ing  

power of spectral ana lys is  t o  de tec t  aspects o f  pa t te rn  i n  the seemingly 

random processes o f  the EEG, p a r t i c u l a r l y  when coupled w i t h  pa t te rn  recogn i t ion  
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techniques. Much remains to  be done in t h i s  area of p a t t e r n  recogni t ion,  

and i n  d i s p l a y  techniques a r i s i n g  therefrom. Only through d i l i g e n t  and 

chal lenging developments i n  these areas can we hope t o  see f u l l  consummation 

o f  the app l f ca t i ons  o f  spec t ra l  analysis t o  neurophysiological prob1ems;and 

come w i th in  s i g h t  o f  Tukey's goal  o f  passing "from the then-and-there t o  the 

hereand-now". Yet we may ask more fundamental questions about the precise 

nature of the phys io log ica l  processes revealed by l i n e a r  time ser ies analyses 

o f  the spec t ra l  type. The evidence suggests t h a t  o rgan iza t ion  a t  the l eve l  

o f  c e l l u l a r  danains involves essen t ia l l y  nonl inear processes, ana t h a t  i n  

broader aspects o f  cerebral system in te r re la t i ons ,  nonl inear t r a n s f e r  func t ions  

may be of  v i t a l  importance, and would tend t o  escape us completely w i t h  cur ren t  

forms of spec t ra l  analysis.  

It i s  here t h a t  the phys io log i s t  canes face t o  face w i t h  the f r inges  o f  

cur ren t  a r t s  in app l ied  mathematics, f o r  there a re  c u r r e n t l y  few techniques 

t h a t  o f f e r  even modest prospects of success i n  dea l ing  e f f e c t i v e l y  w i t h  non- 

l i n e a r  systems i n  massive data analysis. 

what promises t o  be a major conf ron ta t ion  i n  the progressive evo lu t i on  o f  our 

a n a l y t i c  techniques, we may w e l l  ask whether t o  pursue f u r t h e r  t ime ser ies  

ana lys is  i n  i t s  cur ren t  form, or  whether, as recen t l y  suggested by Svoboda 

(1964), we would do b e t t e r  t o  consider analyses based on l o g i c a l  statements, 

and app l ied  a t  t he  leve l  o f  the simplest transforms o f  EEG data, as, f o r  

example, to  the outputs of d i g i t a l  f i l t e r s ,  proceeding thereby t o  develop a 

m a t r i x  t h a t  migh t  uniquely descr ibe a unique phys io log ica l  s i t u a t i o n ,  and one 

so complex as t o  no t  read i l y  reveal  i t s  p a t t e r n  i n  l i n e a r  time ser ies  ana lys is .  

I n  seeking possible so lu t ions  to  
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C lear ly ,  the optimal methods o f  data ana y s i s  f o r  e lectrophys o l o g i c a l  records 

remain for  f u t u r e  devis ing,  based on appropr ia te considerat ion o f  the unique 

complexi t ies o f  cerebral  organizat ion.  Nevertheless, we may reasonably c la im 

t o  have taken the f i r s t  h a l t i n g  steps i n  computer app l i ca t ions  t h a t  have 

revealed novel aspects o f  cen t ra l  nervous organizat ion,  and which have, i n  

turn,  suggested new experimental designs and needs f o r  new and d i f f e r e n t  

computational methods, wherein the f l e x i b i l i t y  o f  the general purpose d i g i t a l  

computer, i n  minor s o r t i e s  o r  major confrontat ions,  i s  paramount (Adey, 1965a). 

Summary 

A data acqu is i t ion ,  analys is  and d isp lay  system f o r  time-shared use by a 

group of neurophysiological  inves t iga tors  i s  described. Appl i c a t  ions o f  

spect ra l  ana lys is  t o  a normative l i b r a r y  o f  EEG data i n  s ta tes  o f  sleep and 

watefulness i s  described, w i t h  establishment o f  base1 ines f o r  a d u l t  males i n  

the course o f  simple a l e r t i n g ,  v ig i lance task  performance and i n  v isua l  

d iscr iminat ions o f  increasing d i f f i c u l t y .  Simple pa t te rn  recogni t ion techniques 

were appl ied t o  such data from ind iv idua l  subjects, w i th  good accuracy i n  auto-  

mated recogni t ion o f  EEG states accompanying d i f f e r e n t  l e v e l s  o f  focused 

a t ten t ion .  The use o f  computer analys is  i n  ana lys is  o f  intraneuronal  wave 

records i s  described, and a phys io log ica l  model o f  genesis o f  the EEG i n  a 

popu 1 a t  ion o f  neu rona 1 wave genera t o r s  hav i ng i ndependent and non 1 i nea r 

charac ter is t i cs  i s  d i scussed. Poss i b l e  fu tu re  t rends i n  e lec t rophys io log ica l  

data analys is  are reviewed. 

1 
t 

1 
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Legends t o  Figures 

Fig. 1. A general schema o f  the system used i n  the Data Processing Laboratory 

o f  the Bra in  Research I n s t i t u t e ,  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Los Angeles. 

Abbreviat ions:  

I B M  7094 computer; MTU, magnetic tape u n i t ;  TMCC, t i m e m u l t i p l e x e d  con t ro l  

channel; DACC, d i r e c t  access cont ro l  channel; A D ,  ana log - to -d ig i t a l  

converter;  D/A, d i g i t a l  - to-analog converter. 

HSCF, Heal th Sciences Computing F a c i l i t y ,  equipped w i t h  

Fig. 2. SLIP console f o r  time-shared remote operat ion o f  SDS-930 computer. 

(See t e x t ) .  

General arrangement o f  the system i n t e r r e l a t i o n s  i n  the SDS 330 - 
I B M  7040 - 18M 7094 computers, showing main streams o f  data flow. 

Fig. 3. 

Fig. 4. Contour p l o t s  o f  autospectral  dens i ty  i n  s i x  EEG channels recorded 

simultaneously dur ing  performance o f  v i s u a l  d i sc r im ina t i on  tasks i n  

3 seconds (epochs 60 through 79), fo l lowed by m o r e ' d i f f i c u l t  v i s u a l  

d i s c r i m i n a t i m s  each performed i n  1 second (epochs 100- l l?) ,  and 

leading t o  an aud i to ry  v ig i l ance  task presented a t  5 second i n t e r v a l s  

(epoch 56). 

many minutes. 

P l o t s  o f  contours o f  coherence between p a i r s  o f  t rac ings  taken from 

scalp loca t ions  indicated. Long i tud ina l l y  o r i en ted  leads showed h igh  

coherences between a l l  pa i r s ,  p a r t i c u l a r l y  i n  the  alpha band a t  10-11 

cycles per second, but coherence between a b i o c c i p i t a l  lead and a l l  

others remained low throughout the tes t .  (From Adey, 1965a). 

This condensed presentat ion covers an elapsed time o f  

Fig. 5. 
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Fig. 6. Models o f  autospectral  contours ir! norma1 monkey before and dur ing  

shaking a t  decreasing frequencies from 17 t o  5 cycles per second. 

EEG spectrum depicted on abscissae, v i b r a t i o n  spectrum on ordinates,  

and spec t ra l  power on 2 -ax i s  ( i n  mic rovo l ts  squared per cycle per 

secbnd) f o r  v isua l  cor tex  (A),  amygdala (B), nucleus centrum medi- 

anum (C), midbrain r e t i c u l a r  formation (D), and head accelerometer (E). 

(From Adey, Kado and Walter, 1965). 

P l o t s  o f  coherence ( l i n e a r  p r e d i c t a b i l i t y )  between centrum medianum 

and v i sua l  cor tex  (A),  v e r t i c a l  head accelerometer (B),  and tab le  

accelerometer (C) dur ing  v ib ra t i on .  

v i sua l  cor tex  and midbrain r e t i c u l a r  format ion (D), head accelerometer 

(E) and tab le  accelerometer (F). 

the  v i b r a t i o n  spectrum, and Z-axis the l eve l  o f  coherence. With 12 

degrees o f  freedom, coherence levels were s i g n i f i c a n t  above 0.516. 

S i g n i f i c a n t  coherence leve ls  a t  the shaking frequency are shown i n  

so l  i d  black, and a t  p o i n t s  away from the shaking frequency i n  s t i pp le .  

(From Adey, Kado and Walter, 1965). 

Averaged spectral  dens i t i es  over the range 0 t o  25 cycles per second 

f o r  a populat ion o f  50 subjects, w i t h  each spectrum presented as a 

ser ies  o f  bars a t  1 cyc le  per second in te rva ls ,  and located a t  the 

appropr iate loca t ion  on the scalp. The top l e f t  f i g u r e  i s  an average 

f o r  a l l  subjects across 1 2  s i t ua t i ons  (See tex t ) .  

t h i s  average was then used as the mean against  which t o  measure 

dev ia t ions  i n  the succeeding f i v e  s i t ua t i ons ,  w i t h  powers a t  any 

frequency above the mean shown as a bar  above the basel ine and 

v i c e  versa. 'Ca1 i b ra t i ons  f o r  average over 12 s i t u a t i o n s  i n  mic rovo l ts  

squared pe r  second per cycle;  f o r  the separate s i t ua t i ons ,  i n  

standard deviat ions.  (From Walter. Rhodes, Kado and Adey, 1966). 

Fig.  7. 

S im i la r  p l o t s  a re  shown between 

Abscissae show EEG spectrum, ordinates 

Fig. 8. 

The contour of 
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F ig .  9. Averages prepared as i n  F ig .  8 f o r  a p o p u l a t i o n  of  30 sub jec ts  i n  

7 stages of  pres leep,  s leep  and posts leep,  and the  separate averages, 

w i t h  d i s p l a y  o f  d e v i a t i o n  from the mean developed i n  F ig .  9, i n  the 

succeeding heads f o r  eyes c losed awake, drowsy and l i g h t  s leep records.  

(From Walter,  Rhodes, Kado and Adey, 1966). 

F ig .  10. Averages prepared as i n  F igs.  8 and 9 f o r  medium sleep, deep s leep,  

subarousal ,  and a rousa l  t o  a u d i t o r y  s t i m u l i .  (From Wal ter ,  Rhodes, 

Kado and Adey, 1966). 

Fig.  1 1 .  P a t t e r n  r e c o g n i t i o n  techniques a p p l i e d  t o  s p e c t r a l  ou tpu ts  from 4 

sub jec ts ,  separa te l y  and j o i n t l y ,  w i t h  development o f  a m a t r i x  d i s p l a y  

o f  automated c l a s s i f i c a t i o n s  f o r  f i v e  s i t u a t i o n s :  EC-R, eyes c losed 

r e s t i n g ;  EO-R, eyes open r e s t i n g ;  EC-T, eyes c losed w h i l e  pe r fo rm ing  

an a u d i t o r y  v i g i l a n c e  task;  EO-T-3, pe r fo rm ing  moderately d i f f i c u l t  

v i s u a l  d i s c r i m i n a t i o n s  i n  3 seconds; EO-T-1, pe r fo rm ing  d i f f i c u l t  

v i s u a l  d i s c r i m i n a t i o n s  i n  1 second. (From Wal ter ,  Rhodes and Adey, 1966). 

F ig .  12. Simultaneous records o f  EEG from c o r t i c a l  su r face  ( t o p  t r a c e  i n  each 

p a i r )  and i n t r a c e l l u l a r  wave a c t i v i t y  ( lower  t r a c e  i n  each p a i r )  i n  

unanesthe t ized  c a t  cor tex.  Upper two s e t s  o f  records show l a r g e  slow 

waves i n  b o t h  c o r t i c a l  and i n t r a c e l l u l a r  records d u r i n g  s leep, w i t h  

f a s t e r  records i n  waking s t a t e  i n  lowest  s e t  o f  t rac ings .  The 

d e p o l a r i z i n g  phase o f  the i n t r a c e l l u l a r  waves (upward) f r e q u e n t l y  

exceed l e v e l  a t  which f i r i n g  o f  the c e l  can occur,  w i t h o u t  i n i t i a t i o n  

o f  f i r i n g .  C a l i b r a t i o n s  f o r  EEG channe , 50 m i c r o v o l t s ;  f o r  i n t r a -  

c e l l u l a r  records,  50 m i l l i v o l t s .  (From E l u l ,  1965). 
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Fig.  13. P l o t  o f  coherence over a 500 second epoch between 

wave records and EEG from c o r t i c a l  surface i n  same 

n t race l  l u  

dma i n  o f  

a r  

t issue. Coherence leve ls  a re  below s t a t i s t i c a l l y  s i g n i f i c a n t  

l eve l s  a t  a l l  frequencies f o r  the major p a r t  o f  the ana lys is  

epoch, and the incidence o f  s i g n i f i c a n t  l eve l s  o f  coherence (shown 

i n  black) remains a t  around chance leve ls  throughout the analysis.  

The f ind ings  are  i n te rp re ted  as i nd i ca t i ng  o r i g i n s  of the EEG i n  

a populat ion of independent neuronal generators. 

(From E l u l ,  1966). 

(See tex t ) .  
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A U T O S P E C T R A L  CONTOURS D U R I N G  V I B R A T I O N  
N O R M A L  M O N K E Y  

Pig. 6 
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PLOTS O F  COHERENCES (LINEAR PREDICTABIL ITY)  
DURING VIBRATION - N O R M A L  MONKEY 
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ELECTROENCEPHALOGRAPHIC CHARACTERISTICS OF SLEEP 

TOPOSPECTROGRAPHIC VARlATl ONS OF AVERAGES OVER 30 , ASTR ONAUT 

CANDIDATES . 

A .  AVERAGES OVER 7 STAGES 8. SLEEP 0 - EYES CLOSED, AWAKE 

OF PRESLEEP, SLEEP 8 POSTSLEEP WITHIN W-NS 

c SLEEP 1 "DRIFTING" OR DROWSY D SLEEP 11. LIGHT SLEEP--'PARIETAL HUMPS" 

WITHIN W N S  

sv cm 126 
WITHIN W3-NS 

Fig. 9 
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ELECTROENCEPHALOGRAPHIC CHARACTERISTICS OF SLEEP 
TOPOSPECTROGRAPHIC VARIATIONS OF AVERAGES OVER 30 ASTRONAUT 

CANDIDATES 

E. MEDIUM SLEEP - I4/SEC SRNDLES F: DEEP SLEEP - HIGH VOLTAGE SLOW WAVES 

WITHIN WbU5 IN MRTEX 
WlMlN UUtN5 

G SUB-AROUSAL - "K-COMPLEX' TO AUWKRY H. AROUSAL TO AUDITORY STIMULI 
STIMULI 

WlMlN uR435 WITWIN UR-NS 

w c m  129 N C a E  la 

0 0 0 
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